is an essential micronutrient for plants and algae, excess Cu is toxic to most plants and can cause a wide range of deleterious effects. To investigate the response of rice (Oryza sativa) to Cu stress, a proteomic approach was used to analyse Cu stress-induced changes in the expression of low molecular-weight proteins in germinating rice seed embryos. † Methods Rice seeds were germinated in the presence or absence of 200 mM Cu for 6 d, and embryos, including newly formed shoots and radicles, were isolated. After proteins were extracted from the germinating embryos and separated by two-dimensional PAGE, 16 proteins in the 6-to 25-kDa range were identified using MALDI-TOF mass spectrometry. † Key Results and Conclusions Thirteen of the proteins identified, including metallothionein-like protein, membrane-associated protein-like protein, putative wall-associated protein kinase, pathogenesis-related proteins and the putative small GTP-binding protein Rab2, were up-regulated by Cu stress. Three proteins, a putative small cytochrome P450 (CYP90D2), a putative thioredoxin and a putative GTPase, were down-regulated by Cu stress. As far as is known, this study provides the first proteomic evidence that metallothionein and CYP90D2 are Cu-responsive proteins in plants. These findings may lead to a better understanding of plant molecular responses to toxic metal exposure.
INTRODUCTION
Copper (Cu) is a structural and catalytic component of several proteins and enzymes involved in electron transfer and redox reactions (Marschner, 1995) , and is an essential micronutrient for plants and algae. However, excess Cu is toxic to most plants, causing a wide range of deleterious effects such as inhibition of photosynthesis and pigment synthesis, damage to plasma membranes, functional changes and other metabolic disturbances (Marschner, 1995; Shen et al., 1998; Lou et al., 2004; Tewari et al., 2006) . To control metal homeostasis and redox status, plants have several mechanisms of metal tolerance, including exclusion, compartmentalization, chelation and binding to organic ligands such as organic acids, amino acids and peptides (Cobbett and Goldsbrough, 2002; Hall, 2002) .
Recently, the molecular and physiological basis for plant interaction with heavy metals has attracted considerable interest. The identification and functional analysis of heavy metal-induced genes and proteins, such as metallothionein (MT)-like protein, heat-shock proteins, pathogenesis-related (PR) proteins, proteins of glutathione metabolism, and antioxidative enzymes, have increased our understanding of the mechanisms of metal tolerance in plants (Utriainen et al., 1998; Cobbett and Goldsbrough, 2002; Hall, 2002; Clemens, 2006) .
Proteomics, which couples high-resolution protein separation by two-dimensional electrophoresis (2-DE) with mass spectrometry (MS) and database searches, has become a powerful tool for large-scale analysis and identification of proteins in many fields of plant biology. Recently, proteomic analyses have been conducted to study proteins responsive to heavy metal stress in several plant species (Smith et al., 2004; Roth et al., 2006; Tuomainen et al., 2006; Ahsan et al., 2007; Bona et al., 2007; Cuypers et al., 2005; Gianazza et al., 2007) . The proteins identified include metabolic and antioxidant enzymes, transporters, regulatory proteins and stress-related proteins. However, as far as is known, there has been no proteomics-based report on metal-induced alterations of MTs in plants. Although Labra et al. (2006) observed MT induction in Zea mays plantlets under chromium stress using capillary electrophoresis, their proteomic analysis did not identify MTs. Cho et al. (2006) identified an MT type-2 protein in gametophore tissue of the moss Physcomitrella patens using proteome analysis. Although the mRNA level for this protein increased in response to abiotic stresses such as Cu, cadmium (Cd), cold, indole-3-acetic acid and ethylene, whether the level of the protein itself increased is unclear.
MTs are a class of low molecular-weight (6 -7 kDa), cysteine (Cys)-rich, heavy metal-binding proteins (Cobbett and Goldsbrough, 2002) . MTs may protect cells against the toxic effects of Cu by chelating it via their Cys thiol groups, and they are also proposed to function as antioxidants (Cobbett and Goldsbrough, 2002; Mir et al., 2004; Wong et al., 2004) . To date, however, only three MT proteins have been purified from plant tissues: a wheat MT protein (Lane et al., 1987) and two Arabidopsis thaliana MT proteins (Murphy and Zhou, 1997) . Studies of plant MTs have been generally limited to analyses of gene expression in different plant species and tissues under various abiotic stresses.
A number of observations suggest that MT genes may be involved in Cu homeostasis and tolerance in plants. For example, the level of type-2 MT gene expression was related to the level of Cu tolerance in Arabidopsis thaliana ecotypes (Murphy and Taiz, 1995) , while MT2b expression was shown to co-segregate with Cu tolerance in tolerant genotypes of Silene vulgaris (van Hoof et al., 2001) . MT genes from arabidopsis complemented an MT-deficient yeast mutant and restored yeast Cu tolerance (Zhou and Goldsbrough, 1994) . Overexpression of plant MT genes in transgenic arabidopsis increased Cu accumulation (Fordham-Skelton et al., 1997) , and improved Cd and Cu tolerance (Abbasi and Komatsu, 2004) . More recently, characterization of a recombinant MT from Quercus suber in the context of metal aggregation supported a Cu-related biological role for this MT (Mir et al., 2004) .
Rice (Oryza sativa) is a model plant for genomics and proteomics work because of its well-established database system. Rice proteome studies have been conducted on seed germination, growth regulation, and stress response (Agrawal et al., 2002; Abbasi and Komatsu, 2004; Ahsan et al., 2007; Yang et al., 2007a, b; Zang and Komatsu, 2007) . In the present study, the aim was to understand better the mechanisms involved in the heavy metal stress response by performing a detailed examination of the effect of Cu stress on the expression of low molecular-weight proteins. The germinating rice seed embryo was selected as the experimental model for the study because plant MT protein was first purified from wheat germ (Lane et al., 1987) . It was expected that MT proteins or other Cu-binding proteins that are highly regulated by Cu stress would be identified.
MATERIALS AND METHODS

Plant material
Rice (Oryza sativa L. 'Wuyunjing' No. 7) seeds were surface-sterilized with 5% (v/v) sodium hypochlorite (NaClO) for 15 min and thoroughly washed in distilled water. Seeds were germinated on moist filter paper. Twenty seeds were randomly placed on the filter paper in 90-mm Petri dishes, and 5 mL of freshly prepared CuSO 4 . 5H 2 O solution (0 -200 mM) was added. Each treatment was performed in triplicate. The seeds were put to germinate for 4 -8 d in the dark at 258C with renewal of the Cu solution at 2-d intervals. Seeds were considered to have germinated when the shoots were longer than 2 mm. The radicle length was measured during the exposure period. Embryos, including newly formed shoots, were isolated from the seeds after 6 d for Cu concentration and protein analyses.
Cu analysis
Germinating rice embryos were digested in a mixture of concentrated HNO 3 and HClO 4 (87:13, v/v) , and the Cu concentrations in the solutions were determined using an atomic absorption spectrophotometer (TAS-986; Purkinje General Co. Ltd, Beijing) (Lou et al., 2004) .
Protein-bound thiols assay
The germinating embryos were homogenized in 20 mM EDTA with 20 mM ascorbate at 08C, and the homogenates were centrifuged at 12 000 g for 20 min at 48C. Total thiols and non-protein thiols were estimated as described by Nagalakshmi and Prasad (Nagalakshmi and Prasad, 2001) , with some modifications. Aliquots (0 . 5 mL) of the supernatants were mixed with 2 . 4 mL of 200 mM Tris -HCl ( pH 8 . 2) and 0 . 1 mL of 10 mM 5,5'-dithiobis(2-nitrobenzoic acid) (Ellman's reagent). The colour was allowed to develop for 15 min, and the absorbance was measured at 412 nm. Total thiol groups were calculated using an extinction coefficient of 13 600 M 21 cm 21 (Harmens et al., 1993) . For non-protein thiol content analysis, 2 . 0-mL aliquots of the homogenate supernatant were mixed with 2 . 0 mL of 10% (w/v) sulfosalicylic acid. The contents were mixed, incubated for 15 min, and centrifuged at 3000 g for 15 min. Then, 2 . 0 mL of the resulting supernatant fraction was mixed with 1 . 9 mL of 0 . 4 M Tris -HCl ( pH 8 . 9) and 0 . 1 mL of 10 mM Ellman's reagent. The absorbance at 412 nm was measured within 5 min of mixing. The protein-bound thiols were calculated as the difference of the non-protein thiol and total thiol content.
Protein extraction
Proteins were extracted according to the method of Murphy and Zhou (1997) with some modifications. The germinating rice embryos were homogenized with 50 mM Tris -HCl ( pH 8 . 0), 1 mM EDTA, 1 mM dithiothreitol (DTT) and 1 mM phenylmethylsulfonyl fluoride. The homogenates were centrifuged at 15 000 g for 15 min, and the collected supernatants were used for protein analyses. Protein content was estimated according to the method of Bradford (1976) using bovine serum albumin as the standard.
SDS -PAGE
For one-dimensional SDS-PAGE, 20 mg of protein was electrophoresed in an 12 . 5% SDS -polyacrylamide gel at a constant voltage of 150 V. Changes in expression of heatstable proteins were estimated according to Berthet et al. (2005) with some modifications. Protein extracts were heated in a water bath (808C) for 5 min and centrifuged at 10 000 g for 5 min before loading onto the gel.
Two-dimensional PAGE (2-DE)
The protein extracts were precipitated with 8 vol of ice-cold acetone containing 1 mM DTT, incubated at -208C for at least 10 h, and then centrifuged for 5 min at 12 000 g. The pellets were washed four times with ice-cold acetone containing 1 mM DTT and then dissolved in rehydration solution [8 M urea, 4% CHAPS, 65 mM DTT, 0 . 2% (w/v) Bio-Lyte (Bio-Rad, Hercules, CA, USA)]. Protein concentrations were assayed using a Bio-Rad RC DC Protein Assay Kit 1.
For 2-DE, 1 mg of protein was loaded onto a 17-cm dry IPG strip ( pH 3 -10 linear gradient; Bio-Rad) using the overnight, in-gel reswelling method according to the manufacturer's instructions. The strips were placed at the top of 12 . 5% SDS -polyacrylamide gels and sealed with 0 . 5% agarose. Electrophoresis was carried out at 80 V for 30 min and then at 200 V for 5 h using a Protean Plus Dodeca cell apparatus (Bio-Rad). The 2-DE gels were stained with colloidal Coomassie brilliant blue G250 (Neuhoff et al., 1988) .
Image and data analyses of the gels were performed using PDQuest software (Version 7.2; Bio-Rad). After alignment of the gels, the spots were matched between gels automatically, and the matched spots were re-examined manually to ensure accuracy. Spot quantity normalization was conducted in the 'total quantity of valid spots' mode. Duplicate 2-DE gels were run for each treatment from three independent tissue extractions, and only those spots that changed reproducibly were considered to represent differentially expressed proteins. The results for Cu-treated and control samples were analysed for differences using analysis of variance (ANOVA) and Student's t-tests. Selected protein spots were manually excised from the gels for further analysis.
In-gel digestion of protein and MS analysis
The de-staining, reduction and iodoacetamide treatments, and trypsin digestion of the selected spots were carried out as described in Wang et al. (2005) . The peptide solution in 60% acetonitrile was saturated with a-cyano-4-hydroxycinnamic acid and then air-dried on an MS sample plate. MS analysis was conducted using a MALDI-TOF mass spectrometer (Reflex III; Bruker-Daltonics) in the positive-ion reflector mode. Calibration was carried out using a standard peptide mixture. The MS data were collected from monoisotopic peaks falling in the m/z range 750 -4000 Da with a signal:-noise ratio .10. Peaks resulting from trypsin autolysis and keratin contamination were excluded from the mass list.
Database queries
The peptide-mass fingerprinting data were used to search protein databases (Swiss-Prot, TrEMBL and NCBInr) using the ProFound (www.unb.br/cbsp/paginiciais/profound.htm) and Mascot Sequence Query (www.matrixscience.com) programs. The taxonomic category selected was Oryza sativa. The other search parameters were trypsin enzyme, one missed cleavage, fixed modifications of carbamidomethyl (C), variable modifications of oxidation (M), peptide tolerance of 50 ppm, and monoisotopic ions. At least three peptide matches and 20% sequence coverage were required for positive protein identification.
RESULTS
Effects of Cu on radicle elongation
As compared with the control (no Cu; Fig. 1 ), treatment with 50 or 100 mM Cu for 4 d had no significant effect on radicle elongation. On the other hand, prolonged treatment (6 or 8 d) with Cu (50 mM) had a negative effect, with radicle length decreasing as the concentration of Cu in the incubation medium increased.
Effect of Cu on protein concentration and protein thiol content
As the amount of Cu in the incubation medium increased, the Cu content in the rice embryos also increased ( Fig. 2A) . The maximum Cu content observed in the embryos was 0 . 96 mg g 21 (dry weight), which occurred when the seeds germinated in the presence of 200 mM Cu.
The soluble protein concentration and protein thiol content in the germinating rice seed embryos were determined on the sixth day after Cu treatment. At 100 or 200 mM, but not at 50 mM, Cu significantly increased the soluble protein concentration, as compared with the control (Fig. 2B) . The protein thiol content was significantly higher in the embryos treated with 200 mM Cu than in the control (Fig. 2C) .
Effect of Cu on protein expression
As shown in Fig. 3 , SDS-PAGE of the total proteins from germinating rice embryos yielded some visible differences in the protein band patterns of the control versus Cu-treated embryos. These differences became more pronounced when the extracts were first heated at 808C for 5 min before loading. The intensities of two protein bands of about 12 kDa and 20 kDa increased as the concentration of Cu in the incubation medium increased.
The change in protein patterns was further analysed by 2-DE for better separation and characterization. Digital image analysis of a Coomassie-stained 2-DE gel revealed .520 rice embryo protein spots, of which 16 of the smaller proteins (5-25 kDa) were Cu-responsive. Compared with the control, Cu treatment up-regulated expression of 13 spots and downregulated expression of three spots (Fig. 4) . The Cu-responsive protein spots were analysed by MALDI-TOF MS, and the peptide-mass fingerprinting data were compared with the protein sequence databases (Swiss-Prot, TrEMBL and NCBInr). The molecular masses and pI values of each identified protein are listed in Table 1 . The Cu up-regulated proteins were predominantly stressrelated proteins, such as MT-like protein, resistance protein and PR proteins. The down-regulated proteins were predominantly those involved in seed germination (thioredoxin) and shoot growth (cytochrome P450 90D2). The most prominent Cu-induced change was that of an MT-like protein (Fig. 4, spot 1) . Alignment of the deduced amino acid sequences of the MT-like protein (Fig. 4, spot 1) and RicMT (BAA19661) revealed that they are 97% identical (Fig. 5) .
DISCUSSION
Although seed germination is one of the most complex physiological processes in plants, germination and subsequent emergence of young roots are less sensitive to metal toxicity than are established seedlings (Lou et al., 2004; Ma et al., 2007) . During seed germination, embryonic cells switch from the quiescent state to a metabolically active state in which complex biochemical and physiological changes occur, including protein biosynthesis (Yang et al., 2007a) . At high concentration, Cu not only inhibits seed germination and reduces plant growth, but also induces the synthesis of proteins in some plants (Rauser and Curvetto, 1980; Nagalakshmi and Prasad, 2001; Hall, 2002; Lou et al., 2004) . In this study, changes in the SDS -PAGE patterns of Cu-treated embryos suggested that low molecular-weight proteins of about 12 kDa and 20 kDa are involved in the adaptive tolerance mechanism that responds to Cu toxicity in germinating rice embryos. Proteomic analysis provided additional support for this conclusion.
Two-dimensional PAGE revealed 1 spot (spot 1) that markedly increased (by 5 . 3-fold) upon Cu-stress treatment. This spot was identified as MT-like protein. As far as is known, this report is the first to use a proteomic approach to identify MT as a metal-responsive protein. Although Ahsan et al. (2007) conducted a proteomic analysis of Cu-stress-treated germinating rice seeds, and Yang et al. (2007a) found that the expression of some defence proteins increased gradually during the germination of rice seed, they analysed proteins extracted from germinating rice seeds including endosperm (Ahsan et al., 2007; Yang et al., 2007a) , rather than from embryos, and they failed to identify any MT proteins. The proteins up-regulated during seed germination were primarily enzymes involved in the glycolysis pathway and carbon metabolism-associated proteins, such as a-amylase. The down-regulated proteins were primarily storage proteins and those associated with seed maturation (Yang et al., 2007a) . The amino acid sequence of the MT-like protein identified in the present study is 97% identical to that of the MT type-2 protein encoded by the rice RicMT gene (OsMT2c, accession no. AB002820) (Yu et al., 1998) . This observation suggests that the MT-like protein identified here may be referred to as RicMT (OsMT2c) protein. Cu treatment has been reported to up-regulate the ricMT transcript level in both shoots and roots of rice seedlings (Yu et al., 1998) . For higher plants, the presence of multiple MT isoforms has been demonstrated. The rice genome contains 11 genes encoding four types of putative MT proteins (Zhou et al., 2006) . Expression of ricMT is relatively high in developing seeds and stems of rice (Yu et al., 1998; Zhou et al., 2006) . OsMT2b is highly expressed in immature inflorescences, roots and cultured cells (Wong et al., 2004) , and OsMT2a is highly expressed in mature and senescent leaves (Hsieh et al., 1996) .
Protein spot 4, which was identified as a putative wall-associated protein kinase (WAK), was markedly increased by Cu stress. Functional analyses of different WAK gene members in arabidopsis has demonstrated that they are involved in various plant functions, including pathogen resistance, aluminium (Al) tolerance, mineral response, cell elongation and plant development (He et al., 1998; Wagner and Kohorn, 2001; Sivaguru et al., 2003; Hou et al., 2005) . Al treatment was reported to increase WAK protein levels in Arabidopsis thaliana (Sivaguru et al., 2003) , and transgenic plants overexpressing WAK1 showed an enhanced Al tolerance. More recently, Hou et al. (2005) observed that expression of WAKL4 was induced by sodium, potassium, nickel, zinc and Cu. Whereas reduced WAKL4 expression resulted in hypersensitivity to sodium, potassium, Cu and zinc, WAKL4 overexpression provided Ni tolerance.
Two of the proteins identified (spots 10 and 12) are the pathogenesis-related (PR) proteins known as PR-10a and putative PR protein. Quantitative analysis showed that Cu treatment increased the levels of these proteins by 1 . 3-and 3 . 2-fold, respectively. The induction of PR proteins is in agreement with the observation that excess Cu increases the accumulation of reactive oxygen species and increases lipid peroxidation in plant tissues (Tewari et al., 2006; Zhang et al., 2008) , since elevated levels of reactive oxygen species have been shown to induce PR proteins in rice (Jwa et al., 2006) . The up-regulation of PR proteins has also been observed in ozone-stressed rice (Agrawal et al., 2002) , Cd-treated arabidopsis (Roth et al., 2006) , and Cu-treated Betula pendula (Utriainen et al., 1998) and Phaseolus vulgaris (Cuypers et al., 2005) . PR proteins participate in a wide range of cell functions, including cell wall rigidification, signal transduction and antimicrobial activity. One recent hypothesis states that PR-10 proteins are steroid carriers (Markovic-Housley et al., 2003) .
One protein that was expressed at a markedly higher level in Cu-treated embryos was a glycosyl hydrolase family 17 protein (Gh17) (spot 16). Plant isozymes of the Gh17 family hydrolyse 1,3-b-glucan polysaccharides found in plant and fungi cell wall matrices (Thomas et al., 2000) . These isozymes include the endo-1,3-b-glucanases (EC 3 . 2 . 1 . 39, subfamily A), the endo-1,3;1,4-b-glucosidases (EC 3 . 2 . 1 . 73, subfamily B) and subfamilies C and D. The endo-1,3-b-glucanases are classified as members of the PR2 family (Jwa et al., 2006) . Gh17 enzymes are associated with plant defences against pathogen attack and stress. Greatly increased expression of the rice b-1,3-glucanase gene Gns1 is induced in shoots by wounding and by treatment with ethylene, cytokinin, salicylic acid or fungal elicitors (Jwa et al., 2006) . A pronouncedly synergistic effect in reducing the susceptibility of plants to infection by certain fungi was observed in plants expressing b-1,3-glucanase transgenes alone or in combination with chitinase transgenes.
Spot 11, which was identified as a glutathione-S-transferase (GST, E.C.2 . 5 . 1 . 18), was slightly increased by excess Cu. GSTs have been observed to be up-regulated in rice exposed to zinc , Al (Yang et al., 2007b) and osmotic stress (Zang and Komatsu 2007) , and arabidopsis exposed to Cd stress (Roth et al., 2006) . However, Ahsan et al. (2007) found that treatment of germinating rice seeds with excess Cu slightly decreased the intensity of the GST protein spot. In arabidopsis seedlings, four GSTs were significantly more abundant in Cu-treated seedlings (Smith et al., 2004). A major function of GSTs is to detoxify a variety of hydrophobic, electrophilic compounds by catalysing their conjugation with glutathione (Jwa et al., 2006) . GST proteins have also been isolated as Cu-binding proteins in arabidopsis roots via Cu-immobilized metal-affinity chromatography (Kung et al., 2006) . Biochemical studies have shown that Cu ions interact with GSTs by direct binding to the protein, inactivating them in a dose-dependent manner (Tang et al., 1996) . Whether GST proteins act in Cu homeostasis or stress through direct binding remains to be determined. The recent characterization of OsGST1 and OsGST2 has suggested that they play a role in rice defence or stress-response pathways (Jwa et al., 2006) . Treatment with excess Cu also increased expression of putative vacuolar sorting protein (spot 15). Plants accumulate and store proteins in storage vacuoles during seed development. As different types of vacuolar proteins traffic through the plant secretory pathway, they must be recognized and sorted. Keinänen et al. (2007) recently reported that Cu increased the expression of a vacuolar sorting receptor-like protein gene in Betula pendula. Seeds produced from transgenic plants that underexpressed the arabidopsis putative sorting receptor (Atbp80s) did not germinate, indicating that Atbp80s may have a role in early germination, in the deposition of cell wall material or trafficking between the endoplasmic reticulum and the plasma membrane and in mobilization of storage proteins (Laval et al., 2003) . A marked increase in the level of the putative small GTP-binding protein Rab2 (spot 6) in response to Cu stress was also detected. Rab proteins form the largest branch of the small GTP-binding protein superfamily. Rab2 modulates retrograde protein transport from the endoplasmic reticulum -Golgi intermediate complex to the endoplasmic reticulum (Dong and Wu, 2007) . Cu stress slightly increased the level of aci-reductone dioxygenase (ARD) (spot 8). The putative polypeptide encoded by rice OsARD contains three His residues and one Glu residue implicated in metal ion ligation (Lin et al., 2005) . enzyme to accelerate methionine recycling through the methionine salvage pathway, and then to promote ethylene synthesis. In the present study, it is still unknown whether the Cu ion promotes ethylene synthesis in rice embryos by enhancing the level of ARD 0 protein or inhibits the enzyme activity by binding directly with ARD 0 proteins for Fe 2þ . Among the proteins up-regulated by Cu-stress, one membrane-associated protein (spot 2) and one resistant protein (spot 4) increased by 4 . 1-fold and 2 . 4-fold, respectively. However, the structure and function of these proteins in the Cu-stressed embryos is unknown. Two additional spots (13 and 14) were identified as ADP-glucose pyrophosphorylase (AGPase). AGPase catalyses the synthesis of ADP-glucose, a glucosyl substrate for the synthesis of starch polymers, and inorganic pyrophosphate from glucose-1-P and ATP. Further studies will be needed to elucidate the function of AGPase in the Cu-stressed germinating rice embryos.
Three protein spots that were down-regulated by excess Cu were identified. The putative small cytochrome P450 90D2 (CYP90D2) (spot 7) and a putative thioredoxin (Trx) (spot 5) were reduced 2 . 6-fold and 2 . 2-fold, respectively, and a putative GTPase (spot 9) was slightly down-regulated. CYP90D2 catalyses the conversion of 6-deoxoteasterone to 3-dehydro-6-deoxoteasterone and of teasterone to 3-dehydroteasterone in the late brassinosteroid (BR) biosynthesis pathway (Hong et al., 2003) . BR has biological activities ranging from changing plant metabolism to protecting plants from environmental stresses (Krishna, 2003) . A rice CYP90D2 loss-offunction mutant (d2) exhibits decreased BR biosynthesis and a dwarf phenotype (Hong et al., 2003) . Inhibition of BR biosynthesis as a mechanism of Cu toxicity in plants remains to be analysed in further detail, although application of BR has been observed to improve the growth of Brassica juncea plants (Sharma and Bhardwaj, 2007) and Chlorella vulgaris cells (Bajguz, 2000) under Cu stress.
Trx proteins are small (12 -14 kDa), widely distributed oxidoreductases. Accumulating evidence suggests that these proteins play a critical role in redox regulation and in seed germination (Buchanan and Balmer, 2005; Santos and Rey, 2006) . Trx reduces and activates thiocalsin, a Ser protease specific for indigenous seed-storage proteins. Overexpression of Trx in barley endosperm enhances the activity of pullulanase and a-amylase and accelerates germination. Differential expression of some type-h Trx proteins has been previously observed in the grain of drought-tolerant and drought-sensitive wheat in response to drought (Hajheidari et al., 2007) . The Cu stress-induced down-regulation of Trx observed in the present study suggests that Trx affects the reduction of storage proteins, inhibiting rice seed germination and radicle elongation. Consistent with this interpretation, Cu treatment has been reported to decrease the level (Ahsan et al., 2007) and activity (Singh et al., 2007) of a-amylase proteins in germinating seeds.
Using a proteomic approach, the proteins induced by excess Cu in the embryos of germinating rice seeds were analysed. The identification of 16 Cu-responsive proteins of low molecular weight will increase our understanding of plant mechanisms of Cu toxicity and tolerance. Two rice-seed embryo proteins, RicMT (OsMT2c) and CYP90D2, were among those most markedly affected by Cu treatment. The level of RicMT increased 5 . 3-fold, whereas that of CYP90D2 decreased 2 . 6-fold. Further biochemical and genetic studies are required to investigate the relationship between Cu stress and the expression of these Cu-responsive proteins, which will provide valuable insights into how plants use these proteins to respond to heavy metal toxicity.
